A wide range of variation was revealed among 13 grape cultivars in terms of means of osmotic potential of berry juice, berry size, and cracking index. Cracking density and percentage of cracked fruit were determined by dipping berries in a nonionic surfactant water solution for 10 hours. Analysis of the distribution of skin stress by a computerdigitizer system indicated that the distribution of the cracking density and fracture pattern were affected by the distribution of the factors of stress concentration in the direction of the longitudinal (FSCL) and latitudinal arc (FSCH) for most of the cultivars. However, in some cultivars these indices were independent of the distribution of stress concentration and berry cracking seemed to occur .because of the fragility of limited area of skin. Distribution of the FSCL and FSCH values was markedly influenced by the berry shape. Both values were uniformly distributed when the berry shape approached a sphere. However, FSCH values were larger than FSCL values and the range of fluctuations of the FSCH values became wider with an elliptically shaped berry, particularly in 'Rizam at' which was found to be the most suscpetible to berry cracking. 'Rizamat' berries had a high density of ring fractures in the stalk cavity with a concomitant increase of FSCL values in this region. The susceptibility to berry cracking did not correlate with the osmotic potential of berry juice or the berry size, but showed a significant positive correlation with the ranges of FSCH values. Therefore, the uneven distribution of skin stress seemed to play a role in the susceptibility of grape berry to cracking.
Introduction
Two factors that influence susceptibility to the cracking of grape berry consist of the mechanical strength of the pericarp and the driving force for expansion of berry volume. Size of subepidermal cells and thickness of cell wall (Considine, 1981; Hiratsuka et al., 1989; Maynhardt, 1964; Yamamura and Naito, 1985; Yamamura et al., 1986) , fine and invisible cracks on the cuticle (Hirata et al., 1970; Hiratsuka et al., 1989; Shiba et al., 1983 ) and strain at the bursting limit (Lustig and Bernstein, 1985) were recognized as major factors responsible for differences in the mechanical strength of berry skin among grape cultivars. Thickness of the cuticular layer Yamamura et al., 1986) , amount of surface wax (Yamamura et al., 1986) , size of epidermal cells and thickness of the cell wall (Yamamura and Naito, 1985; Yamamura et al., 1986 ) and viscoelastic properties (Hankinson et al., 1977) were reported to be less critical factors. The cumulative effect of these factors may contribute to the difference in puncture resistance and tensile strength of the berry skin (Hirata et al., 1970; Izumi et al., 1990; Shiba, 1983) or firmness index (Bernstein and Lustig, 1985) . On the other hand, the factors relating to the driving force for berry cracking and splitting may be the mechanical stress generated in the skin (Considine and Brown, 1981) , growth rate (Izumi et al., 1990; Shiba, 1983) , and the rate of water absorption by the berry (Shiba, 1983; Shiba and Shigehara, 1978) . That turgor pressure (internal force) and radial curvature also directly affects the level of skin stress was clarified by the observation of cuticular fractures and fracture patterns in the grape cv. Sultana (Considine, 1982; Considine and Brown, 1981 (Brown and Considine, 1982; Considine and Brown, 1981) . However, the relationship between the degree of uneven distribution of skin stress and difference in susceptibility to berry cracking among grape cultivars has not been thoroughly studied because of the difficulty in measuring the turgor pressure and radial curvature at every point on a berry surface and determining or understanding quantitatively "the thickness of shell" analyzed by Considine and Brown (1981) . Yamamoto et al. (1990a, b) developed a system for analyzing the distribution of skin stress of fruit by using a digitizer to compare the distribution of the skin stress in fruits of several sweet cherry and apple cultivars. The present study dealt mainly with an analysis of the relationship between the susceptibility to berry cracking and distribution of factors of stress concentration in several grape cultivars grown in Japan. In addition, the possibility of the application to grape berries of indices such as "the cracking index" which was used for cherry fruit (Verner and Blodgett, 1931) Table 2 ). The cracking index method has not yet been applied to grape berries, presumably because of the abundant cuticular wax, the scarcity of stomata and the lack of cracked berry induced by a short-time immersion in deionized water. Recently Byers et al. (1990) reported that the submergence of apple fruit in a nonionic surfactant-water solution resulted in the increase of the water uptake and fruit cracking. In the present study, this procedure also promoted berry cracking compared with the immersion in deionized water.
Cracking index, cracking density, and percentage of cracked fruits were found to be significantly correlated with each other (Table 5 ). As the cracking index represents the value of the ratio of the number of cracked berries weighted by a factor relating to the time required for bursting (Verner and Blodgett, 1931), unlike the cumulative ratio of cracked berry, the former index is more sensitive than is the latter. Analyses of data from 'Delawa re' and 'New Niagara' showed an inverse correlation between the cracking density and cracking index (Table 3) . 'Delaware' had a higher cracking density and a lower cracking index that did 'New Niagara' because of a large concentration of fractures in certain berries of 'Delaware'. On the contrary, 'Olympia'had a higher cracking index and a lower cracking density than did 'Takasumi' or 'Concord', because their berry tips were damaged by a few fractures.
Reports on berry cracking in the grape vine under field conditions in Japan showed that 'Rizamat' was the most susceptible cultivar followed by 'Olympia' (Izumi et al ., 1990) . 'Kyoho' has been reported to be equally or less susceptible (Izumi et al., 1990; Shiba, 1983; Shiba and Shigehara, 1978) than 'Olympia'. 'Delaware', treated with gibberellic acid for the production of seedless berries, became more susceptible to cracking when the maturation period and the rainy season overlapped (Hirata et al., 1970) .
The immersion test revealed that 'Olympia' was moderately susceptible , whereas ' Kyoho' was not (Table 3) . Under field conditions, berries crack during one or two peaks of sensitivity depending on rainfall; our immersion test, however, was performed on each cultivar just once prior to harvest.
Distribution of cracking density
The representative berry shapes and fractures generated by the immersion test are shown in 2. The shapes of the fractures are thought to be very similar to that which occurs naturally, except that the latter is usually accompanied by a deformation after dehydration and subsequent berry growth. Artificially induced fractures have sharpcut shapes (Fig. 2) immediately after berries split.
The distribution of the cracking density was found to vary among cultivars (Table 3) : high cracking density with lengthwise fractures around the pedicel was observed in 'New Niagara', 'Delaware' and 'Italia'. With the latter two cultivars, the fractures also occurred on the side and at the berry tip, respectively. In 'Olympia', a high cracking density with ring fractures was observed predominantly at the berry tip, which is attributable to the fragility of the stylar scars (Izumi et al., 1990) Cultivars with a high cracking density with both fracture patterns were 'Rizamat' which exhibited ring fractures at the berry tip and in the stalk cavity, and lengthwise fractures on the side and in the stalk cavity; 'Takasumi' and 'Concord' had ring fractures at the berry tip and lengthwise frac- tures around the pedicel. In 'Olympia' the presence of a radial fractures at the berry tip agrees with that reported by Izumi et al. (1990) . This fracture pattern was considered to be an unusual type of ring fracture (Yamamoto et al., 1990) , because it occurs vertically to the berry tip to form a radial one. Ring fractures around the pedicel of many cultivars (Table  3) can be attributed to the plugging-effect of the stalk, which is comparable to the plugging-effect of lenticels (Brown and Considine, 1982) . The distribution of the cracking density in the berries of 'Rizamat' that occurred naturally under field conditions resembled the cracking induced in the immersion test (Table 3) . the FSCH values was wider for an elliptical berry, particularly 'Rizamat' (Fig. 3) . The mean values determined by Duncan's multiple range test showed that the FSCH values at point f were 163% in 'Rizarnat' and 133% in 'Ruby Okuyama' in contrast to the means approaching 100% for the cultivars with a round shape ( Table 4 ). The high susceptibility of 'Rizamat' to berry cracking seemed to be partially caused by the lack of uniform distribution of skin stress; Izumi et al. (1990) attributed it, however, to the low puncture resistance capacity of the skin.
Distribution of factors of stress concentration

Correlation of susceptibility with FSCs values and other factors
Our cracking index did not show any significant correlation with the osmotic potential, berry size, and shape index of a berry (Table 5) , which confirms previous findings (Considine and Kriedemann, 1971; Yamamura and Naito, 1985) . The factor of stress concentration, FSCL at the point g correlates significantly, but negatively, with susceptibility to cracking, whereas FSCH factor correlates positively with the susceptibility at the point f but negatively with the susceptibility at the point h. However the causes of these negative correlations remain unknown. Moreover, a significant 
